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 Abstract  
Traditional fiber reinforced polymer (FRP) composite that is often fabricated from single type of reinforcement has shown its 
ability to replace the conventional metallic material counterparts. However, due to several stringent requirements on ductility, 
this has affected the performance of FRP composites for the structural applications. Therefore, hybrid composites, which 
combine two or more fiber reinforcements, have been introduced in order to overcome the short of traditional FRP composites. 
This paper investigates the mechanical properties of three different arrangements of hybrid composites made from glass fiber 
(plain-woven and stitched bi-axial ±45˚) and plain-woven carbon fiber. Vacuum assisted resin transfer moulding method was 
employed to fabricate the hybrid composite panels. Mechanical properties such as tensile strength, flexural strength and volume 
fraction of the hybrid composites were determined per ASTM standards. Experimental results indicate that the [CWW]6 
arrangement, where C and W are weaved carbon fiber and glass fiber respectively, were superior in terms of mechanical 
properties. 
 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Over the years, mechanical performance of carbon fiber reinforcement polymer (CFRP) composites has gained 
significant attention in research. The major interest is to develop better performance of the composites that qualify 
the use of them in a broad spectrum of applications, particularly for high-performance aerospace and automotive 
components. Unfortunately, the setback of typical CFRP composites is that they possess low ratio of compressive-
to-tensile strength, which can hindered the performance of the composites [1].  
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In light of these findings, hybrid composites have been developed by combining two types of fibers, which are 
from low elongation and high elongation fibers. This is to maintain the superiority and moderate the shortcoming of 
both fibers [1, 2]. Until recently, a number of research studies have been carried out to enhance the properties as 
well as reduce the cost of the FRP composites. This is accomplished through replacement of a portion of carbon 
fibers with glass fibers. K. Poyyathappan et al. [3] in their study indicated that the tensile strength of the hybrid 
composites performed better than plain-woven FRP composites. Besides that, Jin Zhang et al. [4] has conducted 
research on the tensile, flexural and compressive responses of woven hybrid composites by using different 
arrangement and glass/carbon ratio. The results showed that the ratios of glass/carbon FRP composites in 50:50 have 
improved the tensile, flexural and compressive strength effectively.  
From literature, there are only a vast number of studies regarding woven as well as unidirectional type fabric 
hybrid composite. Therefore, research on hybrid composite that is fabricated by different fiber architecture and 
orientation is essential [2], in order to provide better suggestions to the manufacturer in selecting the appropriate 
material used in various applications. The purpose of this study is to investigate and compare the effect of the fiber 
architecture, fiber orientation and mechanical behaviors of carbon-glass hybrid composites.  
2. Experiments 
2.1. Materials and fabrication methods 
    Carbon plain woven fabric (T300, 3K Tow, 200 g/m2), E-glass plain woven fabric (T300, 3K Tow, 200 g/m2), 
and E-glass stitch bi-axial (± 45˚) fabric (3K Tow, 400 g/m2), Fig. 1, were used to reinforce Epoxy Amite 100 with 
103 slow hardener. Test specimens were fabricated using vacuum-assisted resin transfer moulding process.  
 
 
 
 
 
Fig. 1. Close-up views of fabric; (a) carbon plain woven; (b) E-glass plain woven; (c) E-glass stitch bi-axial (±45˚). 
   During fabrication process, layers of mould release agent were applied to the surface of the glass mould for easy 
release of the composite panel after the resin is fully cured. The fiber piles (300 mm x 300 mm) were then stack on a 
flat glass mould. Three orientation schemes of carbon and E-glass fiber were used to fabricate laminates: [CWW]6, 
[BC]6, and [CBBC]3, where C, W and B represent carbon fiber, E-glass plain woven and E-glass stitch bi-axial 
(±45˚) respectively. Once the arrangement of laminates has been stacked carefully on the glass mould, vacuum 
pressure was then applied to draw out all the air inside and compacted the fiber preform. The compaction pressure 
was controlled in the range of 11-17 mBar. After that, the resin was prepared by mixing the epoxy and hardener in 
the portion of 4:1 and then infused into the mould cavity. The infused panel was left to cure for 24 hours at room 
temperature under vacuum pressure. The final cured panel was then cut into required specimen sizes for different 
mechanical tests using water-cooled diamond saw. 
2.2. Sample characterizations 
ASTM D3171 standard was used for burn-off tests, which is to determine the fiber volume fraction of the 
composites. Five test specimens of 25mm x 25mm were prepared from different fabricated laminate panels. The 
masses of the samples with crucible were measured using Electronic balance meter while the density of specimen 
was measured by Densimeter. The samples were then placed in the preheat Nabertherm heat treatment machine and 
maintained at 500˚C for 5 hours. After the resins have been fully charred, the remaining weights of fiber 
reinforcements in its crucible were measured. Once all the data have been measured, the volume fraction was 
calculated using Eq. 1.   
(a) (b) (c) 
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Where: ௥ܸ  = volume percent of reinforcement in the specimen 
            ܯ௙= final mass of specimen after combustion 
            ܯ௜= initial mass of specimen after combustion 
            ߩ௖= density of the composite specimen 
            ߩ௙= density of the reinforcement 
  
   On the other hand, tensile test was conducted as per ASTM D3039 standard using Shimadzu Universal Testing 
Machine (UTM) with loading rate of 2 mm/min. Five rectangular tensile specimens of 250 mm x 25 mm were 
prepared from various manufactured panels. For flexural tests, five rectangular flexural specimens of 275 mm x 25 
mm were also made from different fabricated laminate panels according to ASTM D790 with loading rate of 9.33 
mm/min using similar Shimadzu UTM.        
3. Results and discussion 
3.1. Fiber volume fraction of hybrid composites 
Fiber volume fraction and density of fabricated panel were evaluated in order to ensure the quality consistency of 
every specimen prior to subsequent experiment. Results from the burn-off tests are as depicted in Table 1. It is 
apparent that, by replacing a portion of glass fabric into carbon fabric, has reduced the density of pure E-glass 
woven and bi-axial FRP composites, which are 1.9 g/cm2 and 1.8 g/cm2 respectively [5].  Density and volume 
fraction results are comparable to that of previously reported by Tan C.Y. et al. [6], which were fabricated via 
arrangement of [CGCG], where C and G represent woven type of carbon and glass fabric respectively. Besides that, 
VARTM process also shows it ability to fabricate high volume fraction composites panel. This believed to produce 
better mechanical properties, uniform thickness, and lower void than the wet hand lay-up process [1].  
 
Table 1. Physical properties of hybrid fiber reinforcement polymer composites. 
 [CW2]6 [BC]6 [CBBC]3 
Batch Thickness Density Vf Thickness Density Vf Thickness Density Vf 
 (mm) (g/cm2) (%) (mm) (g/cm2) (%) (mm) (g/cm2) (%) 
1 3.52 1.64 59.01 3.51 1.70 52.58 3.48 1.69 54.19 
2 3.54 1.70 55.97 3.51 1.68 52.10 3.54 1.68 53.42 
3 3.52 1.65 56.04 3.52 1.87 52.85 3.52 1.68 54.07 
4 3.51 1.67 54.60 3.51 1.70 52.85 3.54 1.67 53.70 
5 3.52 1.67 50.70 3.51 1.68 52.61 3.54 1.69 53.56 
Mean 3.52(±0.1) 1.66(±0.1) 55.26(±3.0) 3.51(±0.1) 1.69(±0.1) 52.60(±0.30) 3.53(±0.1) 1.68(±0.1) 53.79(±0.3) 
 
3.2. Tensile Properties 
The results of tensile properties data for [CWW]6, [BC]6, and [CBBC]3 have been summarized in Table 2. As 
expected, [CWW]6 composites laminates showed the highest value of tensile strength and modulus properties 
compared with the other two hybrid composites, Those values are 453.41 MPa and 20.95 GPa respectively. Both 
carbon and glass fiber in [CWW]6 composites laminates were made from woven type fabric, which together support 
the loading direction of 0˚ fabrics. The presence of carbon fibers have alleviated the crack propagation in the 
laminate, hence allow the hybrid composites to attain their ultimate tensile strength.  
On the contrary, performance of [CBBC]3 composites was slightly better than [BC]6 in terms of tensile strength, 
even though under the same carbon-glass ratio. This may due to the fact that the composites are covered with high 
strength carbon fabric on the upper and bottom layer, which help to support the majority amount of load since the 
shear direction of bi-axial fabric is in the ±45˚ direction. Theoretically, tensile modulus is defined as the ratio of 
tensile strength to the tensile strain. Based on the experiment, the tensile strength obtained for [CBBC]3 and [BC]6 
were 347.63 MPa and 308.04 MPa, whilst the tensile strain were 1.72 mm/mm and 1.53 mm/mm, respectively. 
Hence, the value for tensile modulus obtained from this study are relatively similar after the division.  
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Table 2. Tensile properties of hybrid fiber reinforcement polymer composites. 
 [CWW]6  [BC]6  [CBBC]3 
Batch Ultimate Tensile Ultimate Modulus Ultimate Tensile Ultimate Modulus Ultimate Tensile Ultimate Modulus 
 Strength (MPa) (GPa) Strength (MPa) (GPa) Strength (MPa) (GPa) 
1 449.89 19.26 318.36 18.84 359.87 19.10 
2 394.16 20.51 318.08 18.64 371.66 19.54 
3 479.81 20.86 292.94 18.14 327.75 19.02 
4 486.21 22.38 310.96 17.99 319.80 19.94 
5 456.97 21.74 299.87 16.49 359.05 14.08 
Mean 453.41 (±32.6) 20.95 (±1.1) 308.04 (±10.1) 18.02 (±0.8) 347.63 (±20.1) 18.34 (±2.2) 
 
   Tensile responses for various orientations of FRP composites with and without hybrid are shown in Fig. 2. It can 
be observed that the tensile properties of carbon-glass hybrid composites showed increasing trend when compared to 
the pure FRP composites. Low elongation fiber such as carbon fiber primarily provides high modulus behaviour; 
hence, enable the composites to withstand the applied load. From the current finding, substituting a portion of 
carbon fabric into pure glass fiber composite, can enhanced the properties of hybrid composite. Hybrid composites 
increase the stiffness, reduced weight as well as balanced up the modulus properties, which fulfill the trend 
requirement of light weight structural applications nowadays. Moreover, through addition carbon fabric into pure bi-
axial FRP composite has shown its potential to become one of the materials that may interest by manufacturer as its 
comparable to pure FRP composites.  
     
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Tensile responses for different laminate orientations of FRP composites. 
 
3.3. Flexural Properties 
The average of flexural properties for [CWW]6, [BC]6, and [CBBC]3 are depicted in Table 3. Similar to the 
tensile properties, [CWW]6 also represented the highest flexural properties among other hybrid composites. This is 
mainly due to the arrangement of fiber in the [CWW]6 laminates, which are parallel to the loading nose that carries 
majority amount of force. [CBBC]3 also shows its ability to against higher flexural loading compare to [BC]6 
although both hybrid composites contains same number of carbon and glass fabric. Meanwhile, the ultimate strength 
of [CBBC]3 composites is higher than [BC]6 and thus, the tendency of [CBBC]3 composites to withstand the applied 
load is much better. It is important to note that this results have proved the assumption made by Yentl Swolfs et al. 
[2] that by placing carbon fiber on the compressive side, will increase the flexural strength of hybrid composite.  
 
Table 3. Flexural properties of hybrid fiber reinforcement polymer composites. 
 [CWW]6  [BC]6  [CBBC]3 
Batch Ultimate Flexural Ultimate Modulus Ultimate Flexural Ultimate Modulus Ultimate Flexural Ultimate Modulus 
 Strength (MPa) (GPa) Strength (MPa) (GPa) Strength (MPa) (GPa) 
1 437.27 34.62 325.17 18.86 377.78 24.49 
2 449.86 35.67 309.46 18.71 368.30 25.36 
3 473.89 34.63 303.29 18.29 368.03 24.77 
4 468.01 35.54 293.88 18.15 382.65 23.90 
5 453.90 33.80 310.00 19.19 382.58 23.82 
Mean 456.59 (±13.1) 34.85 (±0.7) 308.36 (±10.2) 18.64 (±0.4) 375.86 (±6.5) 24.47 (±0.6) 
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  Fig. 3 shows the flexural strain-strain curves for all five samples of composite laminates [CWW]6, [BC]6, 
[CBBC]3 as well as pure [W] and [B] FRP composites obtained from previous study [5].  Pure glass weaved and all 
hybrid speciments that undergone flexural loading extend uniformly up to its ultimate flexural stress prior to 
fracture. However, those specimens that do not fracture directly as the loading force only break at the upper layer of 
laminate. Therefore, the compressive force is needed to break the laminate layer by layer until it is fully fractured. 
This phenomenon also shows that the FRP composite required more period to completely break the specimens when 
compared with conventional material.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Flexural stress-strain curve for different laminate orientations of FRP composites. 
4. Conclusion 
By comparing three orientation schemes of carbon and E-glass fibers, mechanical performance for [CWW]6 
hybrid composites is better than that of the others hybrid combination in terms of tensile and flexural mechanical 
performance. Although the replacement a portion of carbon will increase the overall costing of FRP composite, 
however it is still worthy to supplanted the low cost of pure FRP composites. Hybrid composites with lighter weight 
and higher strength are one of the key to moderate the shortage of petrol fuel as well as reduce the environmental 
burden of automotive vehicles or aerospace structural. Meanwhile, combinations of carbon fabric and stitched bi-
axial ±45˚ also shows their potential to become one of the choices for manufacturer as its mechanical properties are 
slightly better than the pure E-glass FRP composites.  
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